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ABSTRACT

An optimized approach for initial clearance length, which is important when using
on-off dampers in base-isolated buildings, is proposed. The influence of initial
clearance length on the response of a superstructure model to seismic motion is
investigated, given that the response may lead to collision with retaining walls.
Furthermore, the optimization is configured to uniquely determine values of initial
clearance lengths, which are used to minimize the responses of the superstructure
model. An experiment is presented that uses a shaking table and on-off dampers with
28 combinations of initial clearance lengths. Comparison of the experimental results
with those obtained from numerical analyses shows good agreement with respect to
the solution of optimization.

Introduction

In Japan, seismic isolation systems are increasingly being used to mitigate damage to building
structures during earthquakes, such as after the 1995 Hyogo-ken Nanbu earthquake. There is
increasing apprehension about potentially large magnitude earthquakes focused offshore or such
earthquakes occurring directly above their foci. Excessive deformation of the isolation layer in a
building during a large magnitude earthquake may cause collision of the layer with retaining
walls if the clearance between building and retaining wall is insufficient. This phenomenon
should not be overlooked, especially in seismically isolated buildings which are expected to be
highly resistant to earthquakes. Adding passive dampers is effective during huge magnitude
earthquakes, but they also increase response acceleration during design earthquakes and lower
the performance of the seismic isolation structure. In this paper we propose a new damper,
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referred to as an on-off damper, that can vary the damping force depending on the response
displacement and response velocity [1-2] (Fig. 1). The on-off damper has an elongated hole at
the support joint, resulting in the joint only coming into contact with the edge of the loose hole
when the response displacement exceeds a certain value. This pushes or pulls the cylinder to
attenuate the earthquake force. The design involves a simple modification of the shape of the pin
support in existing oil dampers, and requires only slight modification of existing attenuators. The
efficacy and effects of using the proposed attenuator have been examined in terms of the
responses of a superstructure model to seismic forces which can cause the isolation layer to
collide with the retaining walls. However, determination of the elongated hole lengths (referred
to here as initial clearance lengths) and their influence has not been well-established. In this
paper, an optimization approach is presented for the initial clearance length, which is found to be
crucial in the on-off damper. In particular, the aim is to optimize the initial clearance length to
minimize or prevent the response of a superstructure resulting in collision with retaining walls.
To achieve this, the initial clearance lengths were uniquely determined, to minimize the
responses of the superstructure model, and a shaking table experiment with on-off dampers with
28 combinations of initial clearance lengths was conducted. The optimization solutions are
compared with the test results.

Figure 1. On-off damper used in shaking table tests. Note the elongated hole in the damper
joint, with initial clearance length (I) shown.

Shaking Table Test
Experimental setup

The experimental model is a four-story structure with a base isolation layer (Fig. 2) and damping
devices installed on the base isolation layer. The precise specifications and initial
magnetorheological (MR) dampers are described in Kishida et al., 2017 [1]. The MR damper
was carefully controlled to simulate an oil damper with bilinear hysteresis. The additional
dampers were on-off dampers with damping coefficient (c) of 1.96 kN s/m. The adjustable initial
clearance length (1) of the on-off dampers was in the 0-30 mm range. The oil dampers in the on-
off dampers have linear viscous damping force characteristics, and two on-off dampers were set
at the base isolation layer. The input accelerations into the model were estimated pulse
waveforms of earthquakes predicted to occur along the Uemachi fault in Osaka, Japan (referred
to as level-3C earthquakes [3]), and three observed earthquakes (El Centro 1940 NS, Hachinohe
1968 NS, JMA Kobe 1995 NS) normalized to a maximum velocity of 50 cm/s (level-2
earthquakes). Level-3C pulse waves with periods of 1, 2, and 3 s (denoted as Tpl, Tp2, and Tp3,
respectively) were used. The time history waveforms of the input accelerations are shown in Fig.



3. The similarity ratio of the length between test and model was 1:4, and time was condensed to
half the original signal length. A pneumatic cylinder, with 2 kN of output resultant force,
represents the retaining wall in Fig. 2 and the cylinders are attached at both sides. The clearance
between the test specimen and cylinder was set to 100 mm.

Air cylinder Load cell

Figure 2. Experimental setup showing the four-story test structure (left panel) and pneumatic
cylinder with load cell (right panel).
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Figure 3. Time history waveforms of input accelerations from three observed earthquakes (EI
Centro 1940, Hachinohe 1968, and JMA Kobe 1995) and pulse waves of 1, 2, and 3 s
(Tpl, Tp2, and Tp3, respectively).

Combinations of initial clearance lengths

Two on-off dampers were installed at the base isolation layer as additional dampers. Each of the

initial clearance lengths (in mm) of two on-off dampers are denoted as 11 and I, respectively, and
combinations of 1 and > are as follows:

(I1, I,) = (0,0), (0,5), (0,10), (0,15), (0,20), (0,25), (0,30),
(5,5), (5,10), (5,15), (5,20), (5,25) , (5,30),
(10,10), (10,15), (10,20), (10,25) , (10,30),
(15,15), (15,20), (15,25) , (15,30),
(20,20), (20,25) , (20,30),
(25,25) , (25,30),
(30,30)



Test results

When the Tpl pulse wave was inputted, the displacement of the isolation layer did not exceed
the clearance and the test specimen did not collide with the air cylinders, because of friction
between the specimen and the shaking table. On the other hand, according to previous numerical
analysis simulations, the collision occurred on the Tpl pulse wave. Because the collision
phenomena were different between the experiment and the analysis, the Tpl pulse wave was
excluded. Results in response to the Tp2 and Tp3 pulse wave for the level-3C pulse waves, and
results in response to El Centro and JMA Kobe earthquake for the level-2 observed earthquakes,
are shown below.

The response ratios are defined as the maximum response with on-off dampers divided
by the maximum response without on-off dampers. Table 1 shows the response ratios for the
absolute acceleration in response to level-2 earthquake input, with various combinations of initial
clearance lengths. The maximum absolute accelerations (m/s?) without on-off dampers are
shown together, and the maximum response ratio for each floor is denoted by gray shading.

Table 1 (a). Response ratios of absolute acceleration in response to level-2 El Centro
earthquake input, with various combinations of initial clearance length. Gray shading indicates
the maximum response ratio for each floor.

Floor no on-off (|1, |2)
dampers (m/s?) | (0,0) | (0,5) | (0,10) | (0,15) | (0,20) | (0,25) | (0,30) | (5,5) | (5,20) | (5,15) | (5,20) | (5.25) | (5,30)
1 149 | 157 | 228 | 230 | 164 | 128 | 169 | 132|233 | 232| 258 | 233 | 222| 1.99
2 137|150 | 138 | 136 | 138 | 121 | 131 | 127|121 | 115| 117 | 115| 1.18| 1.09
3 106 | 1.41| 151 | 145| 137 | 134| 131 | 139|141 | 140| 134| 135| 130| 131
4 164 | 118|112 | 110| 105| 106 | 1.02| 106|116 | 119 | 111 | 112| 1.14| 115

Floor | (10,10) | (10,15) | (10,20) | (10,25) | (10,30) | (15,15) | (15,20) | (15,25) | (15,30) | (20,20) | (20,25) | (20,30) | (25,25) | (25,30) | (30,30)

1 2.19 1.78 1.63 1.64 1.68 2.17 2.10 177 1.98 141 131 1.18 112 111 131
121 1.20 1.16 1.16 1.13 111 1.16 1.08 1.13 1.09 1.03 1.07 1.03 1.08 1.08
1.50 1.47 1.27 1.28 1.28 1.37 1.28 1.25 1.24 1.22 1.24 1.15 121 1.16 1.14
1.24 117 111 1.08 112 1.06 1.08 1.06 1.06 1.02 1.05 1.07 1.03 1.03 1.09

A ODN

Table 1 (b). Response ratios of absolute acceleration in response to level-2 JIMA Kobe
earthquake input, with various combinations of initial clearance length.

Floor danqg;;g';’nﬁ,sz) (0,00 | (05) | (0,20) | (0,15) | (0,20) | (0,25) | (0,30) | (5,5) | (5,10) | (5,15) | (5,20) | (5,25) | (5,30)
1 191 145 | 159 | 123 | 1.28| 123 | 124 | 123 | 208| 166 | 186 | 1.83 | 181 | 167
2 161 136 | 123 | 122| 1.22| 122| 118 | 123| 130| 119 | 123| 116 | 114| 119
3 135 | 132 | 117 | 148 | 115| 113 | 142| 111| 125| 118 | 114| 113 | 1.09| 113
4 242 | 131 | 120| 118 | 118 | 117 | 116 | 117| 125| 116 | 118| 113 | 112 | 116

Floor | (10,10) | (10,15) | (10,20) | (10,25) | (10,30) | (15,15) | (15,20) | (15,25) | (15,30) | (20,20) | (20,25) | (20,30) | (25,25) | (25,30) | (30,30)

1 131 1.23 1.07 1.13 1.12 111 1.08 1.05 1.04 1.04 1.06 1.05 1.05 1.05 1.07
1.07 1.06 1.06 1.03 1.08 1.12 111 1.06 1.05 1.08 1.08 1.07 1.05 1.06 1.08
1.07 1.02 1.03 1.00 1.06 1.06 1.05 1.03 1.02 1.00 1.02 1.02 1.02 1.03 1.05
1.10 1.06 1.06 1.05 1.09 1.10 1.08 1.05 1.04 1.03 1.05 1.01 1.04 1.04 1.07

A wON




When the combination of initial clearance lengths is (li, I2) = (0,0), the absolute
acceleration responses increase for all floors compared with the case without on-off dampers.
This is especially noticeable in the increasing responses at the 2", 3@ and 4™ floors. The
responses at the 1% floor for combinations of low initial clearance length, where (l1, I2) = (5,5),
(5,15), are larger than in a case of (l1, I2) = (0,0). The combinations of large initial clearance
length, such as where (I, I2) = (25,25), (25,30), do not significantly increase the responses.

Table 2 shows the response ratios for relative story displacement related to level-2
earthquake input, with various combinations of initial clearance length. The maximum relative
story displacements (mm) without on-off dampers are shown together, and the maximum
response ratio for each floor is denoted by gray shading. The relative story displacements at the
isolation layer (between ground floor and 1% floor) decrease compared with the case without on-
off dampers. The maximum response at the isolation layer occurs when (I, I2) = (0,30), (30,30).

The relative displacements at the upper inter-stories increase for combinations of low initial
clearance length.

Table 2 (a). Response ratios of relative story displacement related to level-2 EI Centro
earthquake input, with various combinations of initial clearance length.

Story | gamoomn sy | ©0) | ©5) | 010) | 015) | 020) | 025) | (030) | 5:5) | (.10) | (5.15) | (5.20) | (525) | (5.30)
0-1 3104 075 | 089 | 088 | 080 | 089 | 093 | 094 | 081 | 080 | 084 083 | 087 | 088
1-2 633 | 136 | 141 | 138 | 130 | 122 | 129 | 124 | 136 | 142 | 138| 129 | 127 | 132
2-3 856 | 132 | 136 | 137 | 128 | 125| 125| 126 | 134 | 136| 130 | 129 | 125| 124
3-4 498 | 126 | 105| 114 | 106 | 094 | 105| 095| 126 | 131 | 125| 1.08| 110 | 1.03

Story | (10,10) | (10,15) | (10,20) | (10,25) | (10,30) | (15.15) | (15,20) | (15,25) | (15,30) | (20,20) | (20,25) | (20,30) | (25.25) | (25,30) | (30,30)
0-1 082| 08| 090 | 09 | 09 | 090 | 09 | 088 | 089 | 089 | 090 | 088 | 0.89| 090 0.92
1-2 146 | 143 | 129 130 | 134 | 135| 128 | 1.22 123 112 | 111 | 107 | 108 | 111 | 1.10
2-3 139 | 134 | 124 126| 128| 125| 123| 120| 119 | 116 | 115| 112 | 112 | 112| 111
3-4 132 | 127 | 1.06 110 | 110| 095| 095| 093 | 091 | 093 | 09 | 083| 091 | 0.79| 0.83

Table 2 (b). Response ratios of relative story displacement related to level-2 IMA Kobe
earthquake input, with various combinations of initial clearance length.

Story danﬂ‘;gg‘(’gm) (0,00 | (©5) | (0,10) | (0,15) | (0,20) | (0,25) | (0,30) | (5,5) | (5.10) | (5,15) | (5,20) | (5.25) | (5,30)
0-1 2110 | 080 | 086 | 087 | 086| 090 | 089 | 092 | 081 | 080 | 083| 095| 087 | 087
1-2 736 129 | 1.24| 122| 114 | 115 112 | 118 | 124| 121 | 117 | 1.14| 113| 115
2-3 9050 [ 137 | 1.27| 124| 125| 121 | 123| 122| 127| 120| 119 | 116 | 1.14| 117
3-4 713 | 145 | 134 | 128 | 130 | 129 127 | 130 | 1.34| 126 | 125| 1.20| 119 | 1.22

Story | (10,10) | (10,15) | (10,20) | (10,25) | (10,30) | (15.15) | (15.20) | (15,25) | (1530) | (20,20) | (20,25) | (20,30) | (25,25) | (25,30) | (30,30)
0-1 0.84 0.88 0.90 0.94 0.93 0.93 0.93 0.93 0.95 0.95 0.98 0.96 0.98 0.97 1.02
1-2 1.20 1.12 1.10 1.10 1.18 1.15 1.10 1.05 1.05 1.05 1.07 1.05 1.03 1.07 1.06
2-3 1.13 1.09 1.08 1.07 111 1.13 1.10 1.07 1.08 1.06 1.07 1.06 1.05 1.08 1.09
3-4 1.13 1.09 1.10 1.07 1.16 1.18 1.14 1.10 1.10 1.07 1.09 1.07 1.07 1.09 111




Tables 3 and 4 show the response ratios for the absolute acceleration and relative story
displacement related to level-3C pulse wave input with various combinations of initial clearance
lengths, respectively. The minimum response ratio for each floor is denoted by pale gray shading
and the maximum response ratio is denoted by dark gray shading. All responses decrease in
comparison with cases without on-off dampers, especially in cases with combinations of low
initial clearance lengths.

Conversely, in cases with combinations of large initial clearance lengths, the responses
do not decrease effectively. The acceleration of the 1% floor for the case of the same initial
clearance length combination tends to be larger than for a case with different initial clearance
length combination. For example, the acceleration of the 1% floor for (l1, I2) = (5,5) is larger than
that for (l1, 1) = (5,10), and (I1, I2) = (10,10) is larger than that for (l1, 12) = (10,25). This
phenomenon can be explained as follows: when the joint of the on-off dampers collides with the
edge of the loose hole at the same time, the acceleration of the 1 floor increases, but when the
joint collides in a stepwise manner, the acceleration of the 1% floor is reduced.

Table 3 (a). Response ratios of absolute acceleration related to level-3C Tp2 pulse wave input,
with various combinations of initial clearance length. Pale gray shading indicates the minimum
response ratio for each floor, and dark gray shading indicates the maximum response ratio.

Floor [ g roort | 00) | 05 | 0.10) | (015) | (020) | (0.25) | (0:30) | (55) | (5.10) | (5.15) | (520) | (5.25) | (5:30)
1 1398 | 023 | 031 | 038 | 035| 042 | 044 | 032 | 041 | 037 | 037 | 045| 039 | 038
2 589 | 036 | 039 | 043 | 049 | 049 | 050 | 046 | 050 | 049 | 050 | 050 | 053 | 052
3 671 | 042 | 043 | 044 | 044 | 045 | 047 | 046 | 044 | 045 | 046 | 046 | 048 | 048
4 708 [ 044 | 048 | 049 | 049 | 049 | 049 | 047 | 052 | 053 | 052 | 053 | 052 | 052

Floor | (10,10) | (10,15) | (10,20) | (10,25) | (10,30) | (15,15) | (15,20) | (15,25) | (15,30) | (20,20) | (20,25) | (20,30) | (25,25) | (25,30) | (30,30)

1 0.44 0.43 0.48 0.34 0.33 0.33 0.36 0.30 0.33 0.39 0.37 0.32 0.41 0.47 0.36
0.51 0.53 0.53 0.53 0.53 0.52 0.52 0.54 0.54 0.54 0.51 0.55 0.56 0.55 0.54
0.46 0.48 0.50 0.49 0.48 0.49 0.51 0.52 0.54 0.53 0.53 0.56 0.58 0.59 0.57
0.52 0.51 0.52 0.53 0.51 0.51 0.50 0.52 0.52 0.54 0.52 0.55 0.57 0.57 0.56

A ODN

Table 3 (b). Response ratios of absolute acceleration related to level-3C Tp3 pulse wave input,
with various combinations of initial clearance length.

no on-off

Floor | gamoeeonsy | ©0) | 05) | 0.10) | (0.15) | (020) | (0.25) | (0,30) | (55) | (5.10) | (5.15) | (5:20) | (525) | (5.30)
1 876 | 019 | 019 | 019 | 027| 023 | 032 | 028 019 | 019 | 020 | 022 | 019 | 0.25
2 534 033 | 032| 033 | 033| 035| 034| 037 | 032| 032| 033| 034 | 034| 036
3 555 | 031 | 034| 036 | 037 | 038| 041 | 041| 034 | 037 | 039| 039 | 041 | 042
4 833 | 021| 024| 026| 028| 030| 031 | 032 025| 028| 031 030| 033| 033

Floor | (10,10) | (10,15) | (10,20) | (10,25) | (10,30) | (15,15) | (15,20) | (15,25) | (15,30) | (20,20) | (20,25) | (20,30) | (25,25) | (25,30) | (30,30)

1 0.19 0.23 0.21 0.24 0.27 0.27 0.27 0.25 0.28 0.43 0.35 0.36 0.45 0.38 0.42
0.35 0.35 0.36 0.36 0.35 0.34 0.35 0.36 0.36 0.37 0.38 0.39 0.39 0.46 0.55
0.39 0.40 0.41 0.42 0.43 0.41 0.42 0.43 0.44 0.44 0.44 0.46 0.47 0.50 0.54
0.31 0.34 0.35 0.36 0.36 0.35 0.36 0.37 0.36 0.38 0.39 0.40 0.40 0.42 0.44

A wON




Table 4 (a). Response ratios of relative story displacement related to level-3C Tp2 pulse wave
input, with various combinations of initial clearance length.

Story dar’r‘]‘;;g"(’gm) 0,00 | (05) | (0,10) | (0,15) | (0,20) | (0,25) | (0,30) | (5,5) | (5,10) | (5,15) | (5,20) | (5,25) | (5,30)
0-1 117.67 0.88 | 0.84 0.89 0.90 0.91 0.91 0.91 | 0.90 0.91 0.91 0.91 0.91 0.92
1-2 33.11 0.64 | 0.64 0.65 0.65 0.66 0.68 0.67 | 0.66 0.67 0.68 0.68 0.72 0.73
2-3 38.70 0.55 | 0.56 0.58 0.59 0.60 0.61 0.60 | 0.57 0.58 0.60 0.60 0.62 0.63
34 24.46 043 | 044 0.48 0.49 0.48 0.50 049 | 0.50 0.51 0.50 0.52 0.49 0.50

Story | (10,10) | (10,15) | (10,20) | (10,25) | (10,30) | (15,15) | (15,20) | (15,25) | (15,30) | (20,20) | (20,25) | (20,30) | (25.25) | (25,30) | (30,30)
0-1 091| 092 | 092| 093 | 093 | 093 | 093 | 093 | 093 | 093 | 094 | 094 | 094 | 094 | 094
1-2 067 | 069 | 073| 072| 073 | 070 | 074 | 075 | 077 | 077 | 075 | 078 | 079 | 081 | 0.80
2-3 060 | 061 | 061| 063 | 064 | 0.62 062 | 065| 066 | 066 | 065 | 066 | 0.66| 067 [ 0.68
3-4 048 | 048 | 049 | 051 | 049 048 | 049 | 051 | 051| 053 | 054 | 055| 056 | 058 | 0.55

Table 4 (b). Response ratios of relative story displacement related to level-3C Tp3 pulse wave
input, with various combinations of initial clearance length.

Story | gamoonoem | ©0) | ©5) | 010) | 015) | (020) | (025) | (030) | (55) | (5.10) | (5.15) | (5.20) | (525) | (5.30)
0-1 12146 | 073 | 071 | 073 | 074| 073 | 075| 075 | 075 | 075 | 076 | 0.76 | 0.78 | 0.79
1-2 3220 ( 048 | 047 | 050 | 051 | 053 | 051| 052 | 050 | 051 | 052 | 052| 053 | 052
2-3 4279 034 | 035| 035| 036 | 038 | 037 | 039 | 035| 036| 038 038 | 040 | 040
3-4 2523 | 021 | 025 027 | 030| 028 033 | 032| 026| 029 | 033| 032| 035| 036

Story | (10,10) | (10,15) | (10,20) | (10,25) | (10,30) | (15.15) | (15,20) | (15,25) | (15,30) | (20,20) | (20,25) | (20,30) | (25.25) | (25,30) | (30,30)
0-1 074 077 079 | 079| 08 | 077 | 078| 079 | 080 | 078 | 086 | 080 | 081| 082 0.82
1-2 054 | 054 | 055| 055| 054 | 054 | 056 | 057 | 056 | 056 | 058 | 057 | 058 | 059 [ 0.60
2-3 037| 039 | 040 | 041 | 042| 039 | 041 | 042| 042 | 041 | 043 | 043 | 043 | 044 | 047
3-4 032| 036| 039| 039| 040 | 038 | 040 | 042 | 042 | 043 | 046 | 044 | 046 | 049 [ 0.0

Optimization approach

Configuration of optimization strategy

When designing the on-off dampers, the initial clearance length needed to minimize the response
of the structure to earthquakes was determined. We selected the response ratios as the response
to minimize. The optimization strategy was undertaken as follows: find values of Ii, I to
minimize the objective function (F) when the structure is subjected to 0<l;i<30. The objective
function (F) is thus configured as follows:

F= “zz R2ij + ascz R3Cij 1)

in which a2 and asc are weighted coefficients used to multiply the response ratio for level-2 and
level-3C earthquakes, respectively. Ry is the response ratio of the i-th story for the j-th level-2
observed earthquake and Racij is the response ratio of the i-th story for the j-th level-3C pulse
wave. The reproduction periods of level-2 and level-3C earthquakes are assumed to be 500 and
1000 years respectively. Thus values of a; and asc were set to 0.663 and 0.337, respectively,



given the probability of exceedance in 30 years. The objective functions in the following five
cases were investigated:

4 4

1 F=a, z ( Ricn + Rio) ) T Z( Ricrog) + Ricrp) ) (2)
|=41 ) i=1

2. F,=a, Z Ri(EI) + 0y Z R; (Tp2) (3)
|:1 |=j

3. F=a, Z Ri(Kb) + 0y Z Ri(TpZ) (4)
|:l I4:1

4. F,=a, Z Rigy + ascz Rires) ()
I:l I::.

3. F=qa, ; Ri(Kb) + e ; R; (Tp3) (6)

in which Rjgey and Rikn) are the response ratios for the level-2 ElI Centro and JMA Kobe
earthquakes, respectively. Rirp2) and Ricrp3) are the response ratios for the level-3C Tp2 pulse
wave and Tp3 pulse wave, respectively. The objective function for the absolute acceleration is
Fiacc and that for the relative story displacement is Figsp.

Optimization results

A pattern search (direct search) algorithm was used to solve the optimization problem. This
method does not require any information about the gradient of the objective function [4]. Table 5
shows the solution and objective function value at the solution for each objective function. The
numerical analysis model used to calculate the responses was derived from Kishida et al., 2017
[1]. The air cylinder was modeled with constant output force (2 kN) during touching of the
specimen.

Table 5.  Objective function and solution values at each objective function solution.

Obijective function Solution (14, I2) Objective func_tlon
value at solution
F1acce (19.7, 21.6) 7.68
F1dsp (15.1, 23.2) 7.40
Foacc (27.1, 28.5) 3.93
Fodsp (28.5, 28.5) 3.84
F3acc (13.5, 29.6) 3.88
Fadsp (14.0, 14.0) 3.76
Faace (19.7, 26.1) 3.76
Fadsp (19.7, 27.8) 3.59
Fsace (14.0,14.1) 3.64
Fsasp (14.0,14.1) 3.42




Comparison with experimental results

Objective function values calculated from the shaking table test results are shown in Table 6 for
all combinations of initial clearance lengths. The minimum values are denoted by gray shading,
and these values are similar to the solutions of optimization, except for cases of objective
functions Fiacc and Fudsp.

When the objective functions consist of response ratios of one earthquake for level-2 and
one pulse wave for level-3C earthquake, respectively, the minimum objective function values
from test results accord well with the solutions of optimization. Thus, the configuration methods
of the objective function should be investigated further.

Conclusions

1) An optimization approach for the initial clearance length of on-off dampers in base-isolated
buildings is proposed. Solutions of optimization were compared with results obtained from
shaking table tests with 28 combinations of initial clearance lengths. The solutions from the
optimization accord well with the test results in cases where the objective functions are
calculated by the sum of the response ratios. This optimization method allows us to
determine the initial clearance length of on-off dampers uniquely without analyzing by trial
and error.

2) Experimental results show that the acceleration of the 1% floor, in cases with different initial
clearance length combinations, tends to decrease compared with cases with the same initial
clearance length combinations subjected to level-3C pulse waves. This is because the joint of
the on-off dampers collides with the edge of the loose hole in a stepwise manner.
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Table 6.  Objective function values calculated from test results.

|2 |2

Frace 0| 5 |10]15] 2] 25 ] 30 Fuosp o | 5 |10 15] 2] 25] 30

0 |819] 852]828[7.83]743]775]752 0 [780] 768773748 741|756 754

5 8.95 | 8.47 | 873|849 837]8.19 5 7.76 | 7.74 | 768 | 7.50 | 7.47 | 752

10 816 | 7.72 | 735 | 7.31 | 7.44 10 772 763|740 | 7.46 | 7.64

l, | 15 778770731748 1, | 15 748738726 7.27

20 sym. 711 | 7.04 | 6.93 20 sym. 7.16 | 7.28 | 7.07

25 6.97 | 7.01 25 7.16 | 7.19

30 7.24 30 7.27
I:Zacc I2 F2dsp IZ

o | s [10]15]2]2]30 o | 5 1015223

0 [423|472]470]420]386] 417392 0 [3.95] 396]4.04]383]375]3.90]3.81

5 468|464 | 474|459 452/ 431 5 4.05 | 4.14 | 4.07 | 3.88 | 3.90 | 3.90

10 472 | 438|411 | 4.06 | 4.08 10 4.20 | 417 | 3.91 | 3.96 | 4.00

l, | 15 440 | 436 | 406 | 423] 1, | 15 3.87 383376376

20 sym. 381]373]363 20 sym. 3.69 | 3.70 | 3.57

25 3.62 | 3.64 25 3.64 | 3.61

30 3.75 30 3.62
F3acc I2 F3ds I2

o | s Jwo][15]2]2]30 P o | 5 [w]15]2]2]3

0 [400] 398]378[380]377[3.75]3.71 0 [410] 396]394][390]391]390]3.96

5 453 | 4.06 | 4.20 | 4.13 | 4.07 | 4.06 5 3.97 [ 3.85]385]387]379] 386

10 3.67 | 355/ 3.48 | 3.43 | 351 10 375367370371 385

L | 15 354 |350]341]340] 1, | 15 383376371373

20 sym. 343344342 20 sym. 371376373

25 3.48 | 351 25 3.74 | 3.80

30 3,51 30 3.84
F4acc I2 F4ds I2

ol s Jw[1s]2]2]30 P o | 5 Jw|]w]2]25]30

0 [410] 454]450]4.03]3674.00] 3.81 0 [369] 372]379]359]350]3.66 | 3.58

5 442 | 441|453 436|430 4.13 5 379 [ 3.80 | 3.83 | 3.64 | 367 3.66

10 449 | 417 | 387|388/ 3.93 10 397396370375/ 379

l, | 15 424420390 | 407] 1, | 15 3.65 | 3.62 | 3.55 | 3.54

20 sym. 3.68 | 3.60 | 3.51 20 sym. 3.46 | 3.52 | 3.34

25 3.49 | 350 25 3.42 | 3.39

30 3.72 30 3.43
F5acc |2 F5dsp I2

o | s [10]15]2]2]30 o | 5 [w]|]15]2]2]3

0 [395] 381]357]362]357]358] 3.60 0 [385] 372369366 367|366 3.73

5 4.27 [ 3.83[3.99 [ 3.90 | 3.85] 3.88 5 372 [ 360|361 362]356]362

10 344 | 334324326/ 336 10 352 | 3.46 | 3.49 | 3.49 | 3.63

l, | 15 338(334]325[324| I, | 15 3.61 | 3.55 | 3.50 | 3.51

20 sym. 3.30 | 331 3.30 20 sym. 3.47 | 3.58 | 3.50

25 3.34 | 3.37 25 3.51 | 3.57

30 3.49 30 3.64




